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Abstract Can. Ent. 11 1: 273-287 (1979) 
Spatial and temporal patterns of Dendroctonus frontalis emerging from loblolly pine, Pinus 
faeda, were studied. Daily emergence was measured at 1.5-m intervals along the infested bole 
on nine trees. Emerging beetles from three of the trees were collected and their sex identified. 
Topological estimates of daily emergence on all trees were computed and the spatial and 
temporal patterns of emergence were described using three and five parameter models. 
Emergence followed the same general pattern at each of the 1.5-m sampling intervals. Peak 
density of emergence occurred at ca. 0.25 of the process time span (day 7) and declined 
thereafter. Emergence density was highest at the 3.5-m interval and tapered gradually towards 
the top of the tree and abruptly towards the bottom. The process took ca. 28 days for 
completion. Emergence partitioned by sex followed the same general pattern as observed for 
the combined sexes. The cumulative sex ratio of emerging beetles was essentially 1:l at each 
height interval. 

Since the curves at the various height intervals were similar, emergence was described as 
an average process for the entire tree. The essential features of the process were retained in the 
average analysis. A probability distribution function defined for emergence permits 
calculation of the distribution of beetles from host trees provided the cumulative density is 
known. A frequency histogram illustrating the range in observed emergence density over a 
three year period was also included. 

Adult populations of D. frontalis available for colonization were interpreted as a single 
process "allocation." The allocation process was defined by two components, re-emergence 
and emergence, and had the following characteristics: (1) it is continous for each tree in the 
infestation, (2) it is distinct for each tree, (3) it is bimodal in intensity, and (4) the components 
may operate together or independently. The allocation concept was used to interpret the 
manner in which D. frontalis infestations have been observed to develop. 

In studies of the population dynamics of Dendroctonus bark beetles, considerable 
emphasis has been placed on the role(s) played by adults. There are several categories of 
adults present in infestations which have been variously distinguished according to 
function performed, age, origin, and location into the following general classes: 
attacking parent adults, re-emerging adults, and emerging brood adults. These classes 
can further be catalogued as within- or between-tree and of local or immigrant origin. 

In developing mathematical models to describe populations of bark beetles it is 
essential to account for these various classes. This task is difficult, even for single or 
two generation per year species, because the different roles of adults are in some cases 
interchangeable (e.g. re-emerging adults can re-attack the same or another host thereby 
falling into the category of attacking adult), the various classes are often present at the 
same time, and separation by morphological characteristics is either impractical or 
impossible. The problem of distinguishing between classes and tracking adult 
populations of D. frontalis Zimm, is amplified relative to other species because multiple 
asynchronous generations occur within the same infestation and as many as six to eight 
generations can occur in a year. 

Several recent investigations have been oriented specifically to the numerical 
description of basic population processes involving D. fiontalis adults. The sequence of 
arrival of adults in response to attractant compounds was studied by Costeret a l .  (1977) 
using relative population estimates. Fargo et al. (1978) and Coulson et al. (1978) have 
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provided quantitative descriptions of the spatial and temporal components of within-tree 
colonization and re-emergence. 

The process of emergence ofD. frontalis populations has been viewed from several 
vantage points. Thatcher (1971) and Thatcher and Pickard (1967) described the 
influence of season on patterns of adult emergence in the Gulf South. Mayyasi et al. 
(1976) discussed the distribution of emerging brood adult density in relation to height on 
the infested portion of the tree bole. Coulson et a l .  (1976~)  using production flow 
models, reported emergence probabilities for within-tree brood adults from ca. 150 trees 
sampled over a 3-year-period. 

Reliable estimates of emergence are of considerable importance in understanding 
the population dynamics of D. frontalis and other bark beetles and these estimates have 
proved to be logistically difficult to obtain. McClelland et a l .  (1978) reviewed different 
procedures which have been used to collect data on emergence for various species. 

Measurements of emergence are often used in conjunction with estimates of 
attacking adults or eggs to project the numerical status of populations relative to 
preceeding and succeeding generations in life tables and population models (e.g. 
Berryman 1974 and 1976, Cole et a l .  1976, Coulson et a l .  1976a, b, Coulson et a l .  
1977, DeMars et a l .  1970). Emergence density has also been used to judge relative 
degrees of host susceptibility and habitat suitability (e.g. Amman 1969 and 1972, 
Berryman 1976, Cole et a l .  1976, Reid 1963). 

Because the process of emergence of brood adults is of paramount importance to an 
understanding of the population dynamics of D. frontalis and as knowledge on the 
subject is fragmentary and incomplete, we initiated a study of the spatial and temporal 
components of emergence. Specifically our objectives were to (1) describe emergence 
patterns in relation to position on the infested bole throughout the duration of the 
process, (2) describe emergence patterns partitioned by sex of the beetles, (3) describe 
the process as an average function for the entire tree, and (4) interpret the interactions of 
the processes of re-emergence and emergence at the infestation spot level of 
organizational complexity. 

METHODS 
Field Methods 

This study was conducted during the summer of 1976 in a rapidly expanding D. 
frontalis infestation located on the Sam Houston National Forest in southeast Texas. 
The site was comprised of mature loblolly pine, Pinus taeda L., and mixed hardwood 
species typical of the area. 

Three groups of three trees each were selected for studying various components of 
D. frontalis emergence. Sampling was initiated on 7 June for the first set, 23 June for 
the second, and 9 August for the third. These trees were all part of the same infestation 
and were ca. 30 m in height and ranged from 29.1 to 44.3 cm dbh (X = 38.2, s = 5.0, 
N =9) .  

The sample trees were identified at the time of initial attack by searching for the 
presence of pitch tubes at midbole and by the accumulation of boring frass on leaves of 
understory trees. Emergence cages, enclosing 100 cm2 of bark each (McClelland et a l .  
1978), were placed on the trees after attack was completed. The traps were deployed on 
the NE, NW, SE, and SW aspects at 1.5 m intervals beginning at 0.5 m and continuing 
to the top of the infested bole. Pulley et a l .  1977a demonstrated that no bias was 
associated with aspect but that four samples per height distributed at 1.5 m intervals 
provided a sampling intensity suitable for measuring within-tree populations. Initial 
cage installation was accomplished with the aid of tree climbing bicycles. At the same 
time the traps were installed, pole steps were inserted at intervals along the bole to 
permit later access to the cages and to minimize disturbance to the habitat. 
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The processes of re-emergence of parent adults and emergence of brood adults 
were distinguished at each height interval by monitoring the traps daily and inspecting 
the developing within-tree brood life stages by removing sections of bark. Peak 
re-emergence at each height interval occurs well before emergence begins (Coulson 
et al. 1978), but it was not known if the two processes overlapped, i.e. the ending of 
re-emergence and the beginning of emergence. 

Once emergence began, the cages were monitored daily between 0900 and 1200 h 
for the presence of D. frontalis adults for the duration of the process. The beetles 
collected from the trees in group 3 were preserved in 50% alcohol and catalogued 
according to their location on the tree (height and aspect) and day of collection. These 
beetles were taken to the laboratory and identified by sex using the procedure described 
by Osgood and Clark (1963). 

In addition to the beetle collections, the following three parameters were measured 
for each tree: diameter and bark thickness at each sample level, height at the base and 
top of the infested bole, and total tree height. 

General Analytical Procedures 
Populations of emerging adults were computed using the topological estimation 

procedure described by Pulley et al. (1976). Estimates were partitioned by 1.5-m 
sections of the infested bole and expressed as emergencell00 cm2. 

Two basic analyses were performed. In the first analysis emphasis was placed on 
the spatial and temporal patterns of emergence. Topological estimates for each 1.5-m 
height interval were averaged over all nine trees for each day of the process. These 
averages of daily emergence1100 cm2 were then summarized by calculating a three point 
sliding average for each sample height over the emergence process. The topological 
estimates of daily emergence were then plotted in three dimensions with emergence1100 
cm2 on the Y axis, time in days on theX axis, and 1.5-m height intervals on theZ axis. 
Based on the general shapes of the curves obtained from the plots, a model was selected 
and fitted for each 1.5-m section using a nonlinear regression technique. The data for 
these models was averaged over the nine trees for each day as above, but no three point 
smoothing was done. The results of the model fits were again plotted in three 
dimensions with the axes the same, except that time (Y axis) was normalized between 
0.0 (the beginning of emergence) and 1 .0 (the end of the process). 

This same general procedure was used to describe the spatial and temporal patterns 
of emergence partitioned by sex. The specific model used in the description was 
different from that used for the combined sexes. 

In the second general analysis, emergence was treated as an average function for 
the entire tree. The data sets for each of the nine trees sampled were utilized. 
Topological estimates of the total infested surface area were calculated for each tree. At 
the same time topological estimates of total emergence by day were obtained for each 
tree. From these estimates an average unit of emergence was computed by tree and day. 
The unit derivation was 

EMij = 100 Tij ISi 

where EMij = average emergence1100 cm2 on the ith tree on the jth day, 
Tij = the total population estimate, 
Si = total surface area of the ith tree in cm2. 

The resulting tree-day units represent the average emergence/l00 cm2 for each tree 
on a daily basis. The same models used to describe the spatial and temporal patterns of 
emergence were fitted to these data averaged to remove between-tree variation. 

From these analyses of emergence represented as an average process for the entire 
tree, cumulative and probability distribution functions were derived. 
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RESULTS AND DISCUSSION 
Spatial and Temporal Patterns of Emergence 

The general patterns of emergence at intervals along the bole, based on the 
summarized topological estimates, are illustrated in Fig. 1 A. The basic process is 
similar at each heighs differing primarily in the time of initiation, density of emerging 
adults, and duration. Emergence continued over aperiod of 28 days in this study. 

The model selected to describe emergence at each height was the three parameter 
function 

Y = C(28X)B-' exp [-A(28X)BI [I] 
where Y = emergence1 100 cm2/day, 

X = normalized time. 
A, B, and C = nonlinear regression coefficients to be estimated. 

Figure 1B illustrates the results of fitting the model to topological estimates of 
daily emergence1100 cm2 classed by height and averaged across trees to remove 
between-tree variation. The estimated regression coefficients, 90% confidence intervals 
(CI) for the coefficients, variance, and R 2  for the various sections of the tree are 
contained in Table I .  In interpreting tabulated statistical information presented herein it 
is important to note whether the data were classed and averaged or  classed but not 
averaged. In the first case, between-tree variation has been removed and this practice 
will always result in higherR2 values, lower variances, and reduced degrees of freedom 
relative to the second case. However, the estimated parameter values for the models 
should not change greatly. Analysis of the classed and averaged data provides a means 
of validating the appropriateness of the model used to describe the process. 

Emergence along the tree bole follows the same pattern as that observed for the 
arrival sequence (Coster et al .  1977), within-tree colonization by attacking adults 

E M E R G E N C E  

E M E R G E N C E  

FIG I ,  A,  plot of the topological estimates of daily emergence1100 cm2 by days for 1.5 m sections along the 
infested bole. B, a plot of the results of fitting the model Y = C(28X)B-' exp [ -A(28X)B]  to the topological 
estimates for emergence/100 cm2 for 1.5 m sections along the infested bole. Y = emergence/lOO crn2; X = 
normalized time; A .  B. C = estimated nonlinear regression coefficients. 



Table I. Pertinent statistics relating to the model of emergence for various sections of the infested tree using classed and averaged data 

Height (m) 

Model: Y = C(28YY-' exp [ -A(28X)B] 

where Y = emergence1 l ( X I  cm2/day. 
X = normalized time, 
A,  B, C = estimated regression coefficients. 
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(Fargo et al. 1978), and re-emergence (Coulson et al. 1978), with highest density of ca. 
5 beetles I100 cm2/day occurring at 3.5 m and tapering gradually towards the top and 
abruptly to the base of the infested bole. 

The graphical analysis of emergence (Fig. 1 A ,  B) suggests that the process has four 
general numerical attributes: the pattern of emergence (the shape of the curve of 
emergence density), the extent of emergence (the amount of habitat utilized), the 
density of emergence (the amplitude of the curve), and duration (the length of time 
involved in the emergence phase). Variation in emergence is manifested in changes in 
these numerical attributes. 

Once emergence begins the process proceeds rapidly over the entire infested bole 
with peak emergence occurring at ca. 0.25 of the process time span and gradually 
declining thereafter. Emergence begins later at the top sections and continues for a 
longer period of time. The delay in initiation of emergence results from the top sections 
of the tree being attacked somewhat later than the bottom section. Furthermore, the 
resource utilization hypothesis (Coulson et al.  1 9 7 6 ~ )  suggests that because the density 
of attacking adults is lower in the top sections of the tree, more time is required for 
oviposition. 

Emergence, like the process of attacking adult colonization and re-emergence, is 
extended over a rather long period of time, ca. 28 days in this study. Dispensing 
emerging adult populations in small increments reduces the effects of local disasters, 
such as inclement weather, thereby enhancing the chances of at least a portion of the 
emerging adult population experiencing conditions favorable for colonization of new 
hosts. 

Spatial and Temporal Patterns of Emergence Partitioned by Sex 
The spatial and temporal patterns of emergence partitioned by sex followed the 

same general form as observed for the combined sexes. The model selected to describe 
male and female emergence was the following. 

Y = ( A  +28BX) exp [-C 1 2 8 ~  -E  ID] [21 
where Y = 6 or 9 emergence/100 cm2/day, 

X = normalized time, 
A ,  B, C, D = nonlinear regression coefficients to be estimated, 
E = parameter value fixed at day of peak emergence. 

The results of fitting the model to data for both sexes classed and averaged to 
remove between-tree variation are illustrated in Fig. 2A, B. The estimated regression 
coefficients, 90% CI, variance and R 2  for the various sections of the tree are contained 
in Tables I1 and 111. Model 2 was used because it provided a better description of the 
partitioned data sets than did model 1. Plots of the partitioned data tended to peak and 
descend more abruptly than did the total combined data set. 

Male (Fig. 2A) and female (Fig. 2B) D. frontalis exhibit virtually the same daily 
pattern of emergence at respective heights along the infested bole. Emergence of both 
sexes peaks at ca. 0.20 and 0.25 of the process time span at all but the 11 .O- and 12.5-m 
heights where the peaks occur at ca. 0.35 to 0.40. 

The sex ratios for emergence based on cumulative counts at each height interval are 
contained in Table IV. The sex ratios were essentially 1:l for each of the three trees 
sampled. There was no consistent departure from the 1:1 ratio at a particular height 
interval, i.e. where a large departure existed on one tree it was not present on another. 

Deviations from I :  1 emergence sex ratios and differences between attacking adult 
and emerging adult sex ratios have been identified as variables of potential importance 
in the population dynamics of bark beetles (Lanier and Oliver 1966; Lanier and Wood 
1968). The best documented and most confusing case involves the mountain pine beetle 



Table 11. Pertinent statistics relating to the model fit for male emergence for various sections of the infested tree using data classed but not averaged to remove C 
between-tree variation 0 

=! 
- - - - - - -- -- 

A B C D 
- 

Height (m) ?90% CI +90% CI +90% CI ?90%CI E VAR d.f. R Z  - - 

Model: Y = ( A  + 288.Y)enpr-C I Z E Y - E  I D ]  
where Y = b emergencc/lOOcmz. 

X = norrnalitcd time. 
A .  B .  C. D = cstimated regressinn coefficients, 
E  is  fired at peak emergence. 

Table 111. Pertinent statistics relating to the model fit for female emergence for various sections of the infested tree using data classed but not averaged to remove 
between tree variation 

Height (m) A &90% CI B 290% CI C &90% CI D &90%CI E VAR d.f. R 2  

Model: Y = (A +2KEX)ewp[-C 1 2 8 ~ - E  I D ]  
where Y = P e m e r g e n c c l l ~  cmf. 

X = normalized lime. 
A .  B, C ,  D = estimatcd regmssion coefficients. 
E is fixed nt peak emergence. 
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FIG. 2. A, plot of the results of fitting the model Y = (A + 28BX) exp [ -C  ) 2 8 J - E  I D ]  to topological 
estimates of d emergencel100 cm2 for 1.5 m sections along the infested bole. Y = d emergence1100 cm2; X 
= normalized time; A ,  B, C, D = estimated nonlinear regression coefficients; E is fixed at peak emergence. 
B ,  a plot of the results of fitting the same model to topological estimates of O emergence1100 cm2 for 1.5 m 
sections along the infested bole. X, Y, A ,  B, C, D, E are defined as before. 

D .  ponderosae Hopkins occurring in several host species (DeLeon et a l .  1934; Reid 
1958; McGhehey 1969; Safranyik and Jahren 1970; Gray et al. 1972; Rasmussen 1974). 

There have been a number of studies on D. frontalis in which sex ratios have been 
reported (see Coster et a l .  1977 for references). In these studies two general procedures 
have been used in defining sex ratios. The first involved sexing beetles captured on 
various types of interception traps (between-tree populations) and the second confined 
to counts obtained from within-tree populations. In the first case departures from the 1:l 
ratio have been reported. Coster et a l .  (1977) found that males outnumbered females in 
the total responding population they observed. However, there was a trend for female 
numbers to be proportionally higher during the first 3 days of arrival and proportionally 
lower thereafter. In the second case the sex ratios have always been essentially 1:l 
(Coulson et a l .  1976c, attacking adults, and Coulson et al .  1978, re-emerging adults). 

Table IV. Sex ratios of emerging Dendroctonus frontalis at intervals along the infested hole. 
Data from three trees 

Height O l d  
interval d SPB P SPB ratio 
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The evidence from the present study and reports from the literature suggest that D. 
frontalis populations are not regulated by alterations in the sex ratios of within-tree 
populations. 

Emergence as an Average Process for the Entire Tree 
The similarity of the curves for emergence at various height intervals along the 

infested bole suggests that the process can be adequately described by a general function 
for the entire tree. Accordingly we fitted the EMij data to model [I]  and the results are 
illustrated in Fig. 3. Pertinent statistics relating to the model fitted to data classed and 
averaged (between-tree variation removed) and classed and unaveraged (between-tree 
variation retained) are contained in Table V.  

The basic features of the emergence process are retained (Fig. 3). The general 
shape of the curve is similar to those reported for the individual heights. Peak 
emergence occurs at ca. 0.25 of the process time span and the process approaches 
termination at ca. 0.60. 

Also illustrated in Fig. 3 is the cumulative emergence over the process time span. 
This curve was obtained by fitting the classed and averaged EMij data to the model 

C 
Y = - [ l -e~p(-A(28X)~)]  

AB [31 

where Y = cumulative emergencell00 cm2, 
X = normalized time, 
A, B, C = nonlinear regression coefficients to be estimated. 

R e p r e s e n t s  2 8  d a y s  
in t h i s  s t u d y  

0 0 

N o r m a l i z e d  ~ i m e *  

FIG. 3. A plot of the results of fitting the model used in Fig. IB to data for average emergence/100 cmYday 
(X, Y .  A.  B.  C as in Fig. IB), and cumulative emergence by day for the entire tree. 
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Table V. Pertinent statistics relating to the model fit for emergence as an average processover the entire tree 

A +90% CI B +90% CI C 290% CI VAR d.f .  R2 

0.00287 0.00472 2.64712 0.07530 0.22021 0.08750 1.779 217 O.447laz 
0.00325 0.00289 2.53693 0.04765 0.26061 0.06156 0.079 25 0.9493 
0.00530 0.00167 2.35439 0.02722 0.37521 0.03808 0.178 25 0.999425 

'Model: Y = C(28X)B-' exp [-A(2&QB] 
where Y = emergence/100 cmz, 

X = normalized time, 
A ,  B, C = estimated regression coefficients. 

'Model fitted to classed but unaveraged data (between-tree variation retained). 
3Model fitted to classed and averaged data (between-tree variation removed). 
4Cumulative model: C 

Y =,-,[I -e~p(-A(28X)~)]  

where X, Y,  A, B, C are the same as above 
'Model fitted to classed and averaged data. 

Pertinent statistics relating to the fit are contained in Table V. This curve is 
convenient for use in calculating emergence totals over the entire process time span. 

The final step in our description of emergence as an average process for the tree 
was to define the probability density function. To derive the function trap data from the 
nine trees were pooled on a daily basis and fitted to the cumulative model 

Y = C[1-exp(-AXB)] [41 

where Y = the probability of emergence, 
X = time in days, 
A ,  B, C = nonlinear regression coefficients to be estimated. 

The parameter values, 90% CI, variance, and R 2  for the fit are contained in Table 
VI and the graphic results are illustrated in Fig. 4. 

The parameter values from model [4] were next used as starting values for the 
probability distribution model 

This model, which is the derivative of the cumulative function, was fitted to the 
pooled trap data where Y is theprobability of emergence at a timeX in days given that a 
beetle was present on day one. Day one is the initiation of the process. Pertinent 
statistics relating to the model fit are contained in Table VI and the graphic results are 
illustrated in Fig. 4. The probability of emergence by day as an average process for a 
beetle present on day one increases up to ca. day 10 and then decreases thereafter for the 
remainder of the process. 

This probability emergence function is applicable for different observed emergence 
densities and provides a means of allocating beetles into the environment, provided the 
density of emergence is known. Together this function and the equivalent function for 
re-emergence (Coulson et al. 1978) provide a means of tracking the allocation of adults 
at the infestation spot level of organizational complexity. 

These functions for emergence represented as an average process for the entire tree 
are suitable for inclusion as components in a simulation model of D .  frontalis. 
However, a measure of the range in variation for emergence is needed to establish 
reasonable starting values. We therefore obtained topological estimates of emergence 
from 134 trees sampled over a 3-year period (Coulson et a l .  1975) and prepared a 
frequency histogram for various observed density classes (Fig. 5). Emergence densities 
ranged from 2 to 42 beetles/100 cm2 with the classes between 2 and 20 beetles/100 cm2 
representing ca. 75% of the observations. 
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Table VI. Pettinent statistics relating to the probability-distribution function model fit for emergence as an 
average process over the entire tree 

A ?90% CI B ?90%CI C ?90%CI VAR d.f. R 

'Cumulative model: Y = C[1 -exp(-AXB)] 
where Y = probability of emergence, 

X = time in days, 
A ,  6, C = estimated regression coefficients 

VDF model: Y = ABCXB-' exp(-AXB) 
where X, Y,  A, B, C are the same as above. 

Allocation of Adult D. frontalis Into Infestations 
We have focused on the process of brood adult emergence from individual trees in 

this paper. Coulson et al. (1978) have provided similar information on re-emerging 
parent adults. The combined action of these two processes provides beetles for 
colonization of new hosts within the infestation. 

For D. frontalis populations to survive it is imperative that a large number of 
beetles be available for colonization in a short period of time. Coster et al. (1977) and 

Time in D a y s  

FIG. 4. The cumulative probability of emergence based on fitting the model Y = C[I-exp ( - A X B ) ]  to trap 
data and the probability distribution function for emergence based on fitting the model Y = ABCXB-' exp 
( - A X B )  to the same data. Y = the probability of emergence; X = time in days; and A .  B,  C = nonlinear 
regression coefficients. 
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F I G .  5. Frequency histogram of average emergence/100 cm2 of D. frontalis based on topological estimates 
obtained from 134 trees sampled in southeast Texas during 1972-1974. 

Fargo et al. (1978) have described the time frame involved in aggregation on trees and 
within-tree colonization and Fargo et al. (1978) have provided a histogram of the range 
in attack density observed from many trees. Considerable research has been conducted 
on the process of aggregation and a very sophisticated mechanism involving both host- 
and insect-produced attractants has been hypothesized (Renwick and Vite 1969, 1970). 
However, forD.  frontalis populations to perpetuate, sufficient numbers of beetles must 
be aggregated to kill host trees and as indicated in Fargo et al.  (1978) this number is 
substantial. It is reasonable to assume that mechanisms exist which enhance or insure 
the availability of beetles for aggregation. Within infestation spots the processes of 
re-emergence and emergence provide the beetles involved in colonization. These beetles 
may be of local or immigrant origin. 

D. frontalis infestations are often comprised of a number of trees which can be 
stratified according to the predominant beetle stage of development (e.g. attacking 
adults, eggs, larvae, pupae-callow adults, emerging adults). Whereas these categories 
are somewhat arbitrary and represent a degree of overlap within individual trees, this 
stratification by life stages reflects the general pattern for the within-tree cohort 
(Coulson et al. 1978; Fargo et al. 1978; and this paper). The number of trees associated 
with each stratum (i.e., the age structure of the infestation) changes through time and 
space as a function of the success of colonizing adults and the availability of host type. 
Knowledge of the interaction of the processes of re-emergence and emergence together 
should provide insight into the manner in which infestation spot growth occurs. 

From this study and that by Coulson et al. (1978) it is evident that individual trees 
within an infestation are active sources of beetles for a considerable period of time. 
Beetles are first redistributed by re-emergence of parent adults. This process takes about 
14 days. While re-emergence is occurring, immature life stages in the host are 
developing. At about the time of cessation of re-emergence, emergence begins and 
continues for ca. 28 days. The combination of re-emergence and emergence therefore 
results in a continuous supply of beetles for colonization purposes for ca. 42 days. Both 
processes have distinct peaks where the majority of beetles available for distribution are 
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released. The time frame described for re-emergence (Coulson et al. 1978) and 
emergence probably represents a minimal number of days as both studies were 
conducted in actively enlarging infestations during the summer months. 

If we consider re-emergence and emergence from the same host tree as a single 
process (denoted hereafter as "allocation" for discussion purposes) then it is possible to 
define a set of attributes which are useful in interpreting the manner in which D. 
frontalis infestation spots have been observed to develop. Attributes of the allocation 
process include the following: ( I )  it is continuous for each tree in the infestation and 
bounded by the length of the within-tree life cycle, (2) it is distinct for each tree, (3) it is 
bimodal in intensity, and (4) the two components may operate together in concert or 
independently. 

As indicated above, individual infestation spots contain a mosaic of trees each 
undergoing allocation (either re-emergence or emergence). It is the combined action of 
all trees in the infestation that determines the number of adults available for 
colonization. During periods of close synchrony between the components of allocation, 
a continuous supply of adults is available for colonization. D. frontalis infestations are 
often observed to enlarge rapidly and continuously for several months. These 
infestations are further characterized by having an active front (head) where new hosts 
are being colonized. This pattern of infestation spot development, which among bark 
beetles is characteristic only of D. frontalis, requires a large and continuous supply of 
colonizing beetles as would be available from the allocation process. 

The bimodal form and independence of the components of the allocation process 
together provide an effective survival mechanism for D. frontalis populations in that 
local or short term disaster affect only a small increment of colonizing adults. 

In this discussion we have focused on events associated with a within-spot 
population. The allocation process also provides emigrating adults for colonization of 
other infestations and of course immigrating adults will affect a local infestation. 
Virtually nothing is known about migration of bark beetles and we have therefore not 
attempted to speculate on the possible role(s) of migration on infestation spot growth. 

Studies of the population dynamics of bark beetles and other insects have 
traditionally partitioned cohorts by generations. Based on the discussion presented 
herein. this approach docs not appear to be a promising procedure for D. frontalis 
because infestations are composed or multiple asynchronous generations which are 
inseparable for experimental purposes. Viewing populations of adults by means of the 
allocation process permits populations to be followed through space and time in a 
tractable manner. With the sub-sampling procedures described by Pulley et al. (1977b) 
and Foltz et al. (1977) it should be possible to measure both components of allocation as 
well as within-tree cohort development at the infestation spot level of organizational 
complexity. 
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